Resonant photoemission spectroscopy, with application of synchrotron radiation, was used to study the valence band electronic structure of clean surface of (EuGd)Te layers. Fano-type resonant photoemission spectra corresponding to the Eu 4d−4f transition were measured to determine the contribution of 4f electrons of Eu 2+ and Eu 3+ ions to the valence band. The resonant and antiresonant photon energies of Eu 2+ ions were found as equal to 141 eV and 132 eV, respectively and for Eu 3+ ions were found as equal to 146 eV and 132 eV, respectively. Contribution of Eu 2+ 4f electrons was found at the valence band edge while for Eu 3+ it was located in the region between 3.5 eV and 8.5 eV below the valence band edge.
Introduction
The rare earth chalcogenides, like EuTe, belong to the family of ionic Heisenberg magnetic semiconductors [1] . In EuTe doped with Gd, Gd 3+ ions substitute Eu 2+ ions. As a result, the Gd 5d electrons become conducting electrons in such a system. So, EuTe crystal doped by this method becomes a conducting material. The appearance of conducting electrons leads to the qualitative changes in magnetic properties of Eu 1−x Gd x Te solid solution. In this case, due to the RKKY interaction, under particular conditions, the antiferromagnetic order observed in insulating layers of EuTe can be replaced by ferromagnetic state in n-type (803) Eu 1−x Gd x Te layer. This new property can make the material suitable for future spintronic applications, e.g. in spin filters [2, 3] .
Resonant photoemission
During the last 20 years, resonant photoemission spectroscopy (RPS) [4] [5] [6] has been developed into a powerful tool for investigations of solids [7, 8] . This method allows us to distinguish the contribution of rare earth 4f electrons to the valence band density of states. In particular, it permits to distinguish the contribution of Eu 4f electrons to the valence band of (EuGd)Te crystal. It is based on a Fano effect [9] and it leads to an increase in photoemission intensity at Eu 4d−4f absorption edge region. The 4f electrons of Eu atoms are excited selectively and locally, when the photon energy is tuned to the Eu 4d−4f intra-ion transition. The relaxation of the excited ions, in the photon energy region of Fano resonance, leads to the emission of additional electrons. At the resonance energy two effects may occur. The usual photoemission from Eu 4f orbital expressed by the formula:
and an additional super-Coster-Kronig decay channel when electrons are emitted from Eu ions according to the following formula:
The Fano-like resonance is the result of the interference between the direct photoemission process of Eu 4f electrons and the discrete Eu 4d−4f transition, followed by a super-Coster-Kronig decay. The Fano asymmetric line shape [9] includes a maximum and a minimum called resonance and antiresonance, respectively. The value for the resonance energy of Eu 4d → 4f transition for Eu
2+
ions is about 141 eV and antiresonance energy -132 eV while for Eu 3+ ions it is about 146 and 132 eV, respectively. For resonant hν energy, the increase of Eu 4f states contribution to the measured energy distribution of photoemitted electrons appears. The comparison of the spectra recorded for photon energies corresponding to the resonance and antiresonance enabled us to determine the contribution of 4f electrons to the valence band.
Experimental conditions
The Te/Eu 1−x Gd x Te layers were grown by MBE method on BaF 2 (111) substrate. An EuTe layer of the thickness of about 50 nm was deposited as a buffer layer on the substrate. Then the stream of Gd atoms was added to the growing EuTe layer and Eu 1−x Gd x Te layer with a thickness of several nm was obtained. The protective layer of Te with the thickness of several nm was deposited on top of the layer. Developing methods of preparation of clean (EuGd)Te crystals without trivalent europium species is important for practical application of this material.
The photoemission data were obtained with the Tunable VUV Photoelectron Spectrometer at the beam line E1 (FLIPPER II) of DORIS storage ring at HASYLAB (Hamburg, Germany). An excitation energy was chosen in the range between 100 and 200 eV which covers regions of 4d−4f Fano resonances for both Eu 2+ and Eu 3+ ions. The energy distribution curves (EDCs) were measured in the region of electron binding energy starting from the valence band edge down to the Te 4d (40 eV) core level. Figure 1 presents the process of the energy distribution curve formation. The structure of the occupied electronic states of the crystal manifests itself in the energy distribution of electrons emitted into vacuum due to photon absorption in the crystal. In the case of the Eu compounds the ions with different valence show a different behavior: the resonant energy Eu 4d → 4f is different for Eu ions in divalent or trivalent chemical states and the final state multiplets 4f 5 and 4f 6 lie at different binding energies [10, 11] . In Te/EuGdTe layer the Eu 4f electrons are located at the valence band edge region for Eu 2+ ions while for Eu 3+ ions they are located at 5-8.5 eV below it. Figure 2 shows the set of EDCs at hν = 141 eV, which corresponds to the resonance of Eu 2+ , measured after different annealing processes for EuGdTe layer with protecting layer of tellurium. The parameters describing the shape of Fano type resonance was determined from the set of measured EDCs. The shape of Fano resonance (presented in Fig. 3 ) can be expressed as:
Results and discussion
where ε = (E R −hν)/(Γ /2), Γ describes spectral width of the autoionized discrete state, q is Fano's asymmetry parameter and I 0 is the intensity of nonresonant photoemission.
The annealing of the sample after sputtering leads to the change of the ratio of the heights of peaks corresponding to Eu 2+ and Eu 3+ ions (see Fig. 2 ). Sequential heating of the sample at 350
• C under UHV conditions, leads to the remarkable increase of the peak corresponding to Eu 2+ and decrease of the peak corresponding to Eu 3+ ions. This effect corresponds to the change of the structure of defects occurring in the sample, induced by the annealing. It leads to the improvement of the electronic properties of (EuGd)Te layer.
Summary
The Te/EuGdTe MBE layers subjected to different annealing processes were investigated by resonant photoemission with the use of synchrotron radiation. Two Fano-type resonance energies at 141 eV and 146 eV were determined for Eu
2+
and Eu 3+ ions, respectively. The amount of Eu 3+ ions in the sample strongly depends on annealing conditions and decreases with increasing annealing time and temperature.
